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Introduction
A shock-tunnel is an energy channeling device used
To simulate the effects of a large open-air arena
detonation with significantly smaller charge weight
(Hoffman, 2009). Such a device offers substantial
benefits to the explosives engineering field by
allowing these large explosions to be scaled to a laboratory setting at a fraction of the cost.
When an explosives charge is detonated, the shockwave propagates radially outward in all
directions; however, when confined inside the shock-tunnel, this wave is directed down the
tunnel. It has been proposed by Dr. Sam Kiger, University of Missouri – Columbia, that as
the shock front travels down the tunnel, it transitions from a spherical to planer geometry
between three (3) and four (4) tunnel diameters. The purpose of this research was to
investigate if in fact the shockwave does become planer; and if so, at what stand-off distance
does it occur. If this theory is correct, knowing the stand-off at which this occurs could
greatly increase the accuracy in shock-tunnel testing.
Previous research conducted on Shock-Tunnel Waveform Analysis provided insight into the
propagation of a shockwave within a shock-tunnel compared to that of an open air arena test
(McLane, 2011). This preceding analysis of the shock-tunnel investigated the shock-front
traveling down the geometric center of the tunnel, for this experiment, the area of interest is a
cross sectional plane within the tunnel. With this cross sectional area, the actual profile of the
wave can be determined as it propagates down the tunnel.
University of Kentucky Shock-Tunnel
The Shock-Tunnel used for this research is under the direction of the University of Kentucky
Explosive Research Team (UKERT) and is located underground at the Nally & Gibson
Limestone Quarry in Georgetown, KY. It is comprised of shipping containers coupled end to
end measuring 100ft long by 8ft wide by 8ft tall.
The charge was hung inside the center of the tunnel at a desired distance from one end with the
object being tested located at the closed end of the tunnel, Figure 1.1. The sample is mounted to
the end of the tunnel such that the side to face the explosive event faces into the tunnel.
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Figure 1.1: UKERT Shock-Tunnel Shown from Non-blast Side.
Experimental Setup
As stated previously, this experiment is concerned with the shape of the shock front as it
propagates down the tunnel; this shape is determined by the Time of Arrival (ToA). In order to
achieve this, five free-field piezoelectric sensors (Pencil Gage) will be placed in a cross sectional
plane, as seen in Figure 2.1 below, down the tunnel from the explosive charge at 1 times Tunnel
Diameter to 5 times Tunnel Diameter at increments of one diameter with two additional points of
interest (6ft, 8ft, 16ft, 22.5ft, 24ft, 32ft, and 40ft). At four feet (4ft) we know the shock front will
be spherical because it has not expanded far enough to react with the tunnels confinement; a
distance of six feet (6ft) was chosen to measure the wave halfway between the brink of
confinement and two times the tunnel diameter. The 22.5ft distance was chosen based off
previous experiments which showed a peak energy and impulse at this stand-off (McLane, 2011;
Lusk, 2010)
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Figure 2.1: Sensor Set-up
Since all five sensors are placed on the same cross-sectional plane within the tunnel, the shock
front becomes perfectly planer when the sensors record the same ToA. In order to maintain
planarity on the sensor surface, a rotary laser level was used following every test; the sensors
were adjusted accordingly.
This research utilized two different charge weights of RDX in order to deliver a wider range of
data. RDX is one of the most widely used high-output explosives; it is a colorless solid ranging
in density from 1.6 g/cc (99.885 lbs/ft3) to a maximum theoretical density of 1.86 g/cc (116.116
lbs/ft3). RDX has a detonation velocity of 28.7 ft/ms (8.74 m/ms) yielding the chemical reaction:
[Cooper, 1996]
Instrumentation for Shock-Tunnel Testing
The senor set-up in Figure 2.1 above was relayed via coaxial cable through a multi-channel
signal conditioner into a Data Trap II (Data/VOD Recorder) which was downloaded to a
Panasonic Toughbook CF-30. Power for all electronics was created by a Bobcat Diesel
Generator regulated by a Cyber Power USP 1 500 AVR. Each Desensitized-RDX explosive
charge, known chemically as Cyclotrimethylene Trinitramine, was initiated using a #8 electric
detonator and blasting machine.
The raw data produced was then analyzed using Dplot graphing software to determine ToA. This
graphing software allows the Data Trap II read-out, which displays millivolts (mV) per
millisecond (ms), to be converted into PSI/ms (kPa/ms) by means of each sensors sensitivity
calibration. The processed data was then placed in a Microsoft Excel sheet, found in Appendix A
where the data could be analyzed.
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Introduction to Results
The major variable of interest in this investigation was that of relative ToA; as stated previously,
the off-set distance that produces the closest ToAs between the five co-planer sensors will have a
higher degree of planarity propagating through the tunnel. The probability that the sensors set at
various distances would in fact read exactly the same ToA is highly unlikely due to the
limitations and accuracy of the equipment and experimental set-up.
This understanding leads us to the means by which the data will be analyzed. For this set of
data, the most obvious choice is to determine the deviation of the ToA from each sensor in the
plane. A standard deviation of zero would yield a perfectly planer wave, therefore the higher the
deviation, the more curvature the wave displays. This deviation was calculated by the following
means:
For each test, the results of the ToA were averaged in order to determine the deviation.

Once the average ToA was found for all tests, the standard deviation was determined
using the following:

Once deviation between all the cross sections was calculated, the data was placed into Excel to
be further analyzed and compared to a non-confined propagating wave.
A detonation that is not confined will symmetrically propagate radially outward from the center
in all directions; the further away the shock front is from the point of detonation, the lower the
curvature. A circle or sphere with an infinite radius is a plane. The data being compared in
this test is that of the curvature of the shock front in the tunnel, and that of an unconfined wave.
Free-field Propagation
A representation of a developing free-field shock front was created in Carlson Survey 2011 with
AutoCad. When analyzing this data, the focus was a 6 x 6 cross section, the same dimensions
used in the sensor setup in order to maintain an accurate depiction. A free-field detonation with
the extruded sensor cross-section can be seen below in Figure 3.1:
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Figure 3.1: Free-field Detonation with Extruded Cross Section
If concentric spheres were drafted with the radii of the selected stand-off distance and cut
away from the exterior of the extruded cross-section, it would reveal the 6 x 6 spherical cross
sections with increasing planarity as seen below in Figure 3.2.

Figure 3.2: 6x6 Cross-section of Concentric Spheres
As seen in Figure 3.2, as the focus on the propagating sphere is reduced to a 6 x 6 crosssection, it is inherently clear, the wave has much less curvature 40 ft away from the theoretical
point of detonation than it does 6ft away. Understanding this concept, the comparison can be
made between the free-field propagation (seen above) and that of the confined test.
The distance from the plane of detonation to the center of the spherical cross section is known by
the radius of the sphere; however, the intersecting points of the sphere on the cross section are
unknown. The corners of the extruded cross- section represent the position of the sensors
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mounted within the tunnel; these are the distances needed to make the comparison. In order to
determine the distance from the plane of detonation to the theoretical sensor mount, the AutoCad
dimensions command was used; these dimensions are represented in Figure 3.2 by arrows.
Experimental Results
From the sensor set-up shown in Figure 2.1 above, the time of arrival was measured at five
points inside the shock-tunnel. Knowing these ToA’s, a three dimensional representation of the
shock front propagation down the tunnel was generated using AutoCad software. This was
achieved by plotting the deviation in arrival time for each sensor as a three-dimensional point
with the x-y axis being sensor location inside the tunnel and the z axis being the deviation in
arrival times. Using a triangulation and contour of each of t h e sensor setups, the following
shockwave profiles were created.

Figure 3.3: Experimental Profile Results
From these profiles, it is clear that the shock front planarity is increased as the wave travels down
the shock-tunnel.
Comparison of Results
As stated above, standard deviation is used to determine the curvature of the shock front by
means of calculating the change in arrival time. For the theoretical deviation, the distance from
the point of detonation to the intersection of the shock front with the cross section was measured
and compared amongst one another using the equation shown above. This was then compared to
the actual arrival times observed in the tests themselves. Because standard deviation is a unit less
quantity, it can be used to compare the two results; the lower the deviation, the more planer the
shock front.
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The following table depicts the calculated standard deviation from both the experimental and
theoretical results.

Stand-Off (ft) 80g Deviation 120g Deviation
6
0.406
0.402
8
0.328
0.330
16
0.185
0.156
22.5
0.051
0.038
24
0.079
0.093
32
0.032
0.029
40
0.044
0.054
Table 3.1: Standard Deviation of Results

Theoretical Deviation
0.777
0.545
0.256
0.181
0.169
0.126
0.101

As seen in Table 3.1 above, the deviation between the two experimental results are quite similar
The plot below depicts the similarities between the varying charge weights:
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The theoretical deviation however, is vastly different from both the 80g and 120g deviation,
as seen below in Figures 3.5 & 3.6:
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As seen in both plots above, the deviation of both the 80 and 120 gram tests are lower than that
of the theoretical free-field deviation along the entirety of the experimented length.
Conclusions
From the information gathered, we can conclude that although the deviation in arrival of the
experimental and theoretical data is quite different, a similar trend can be seen throughout the
stand-off range. Analyzing Figure 3.4: 80g & 120g Standard Deviation vs. Stand-Off Distance, it
is clear that the shock waves from the two different charge weights increase planarity with an
almost identical trend. This trend is also seen in Figures 3.5 & 3.6 comparing the 80 and
120 gram charge weights to the theoretical free-field deviation.
Although the trend seen is almost identical, the trend lines of the experimental data have been
offset below the trend line of the theoretical free-field data. This offset can be interpreted as a
higher planarity of a shock front while confined within a shock tunnel. As stated earlier, a
standard deviation of zero would yield a perfectly planer wave surface; the higher the deviation,
the more curvature the wave displays.
The curvature of the sphere at three to four times the tunnel diameter produces a standard
deviation that could be considered planer. However, the standard deviation at three to four times
the tunnel diameter within the shock tunnel is significantly lower denoting a more planer
geometry. This indicates that the tunnel prematurely introduces planarity.
This new understanding, combined with previous shock-tunnel analyses comparing energy,
impulse and pressure, can be combined to increase both the accuracy and repeatability of future
product testing. We know the shock front within the tunnel is sufficiently more planer than that
of a free-field test; finding the stand-off distance which yields the most uniform pressure,
energy, impulse, and so on, across the entirety of the plane will ultimately lead to the most
effective stand-off distance.
For example, many tests have been conducted within the tunnel using either panes of glass or
composite/ceramic panels. Due to their size, multiple samples can be tested with one charge to
lower testing costs. If they can be tested at a stand-off distance that produces uniform
measurements across the testing plane, we can be certain that each panel or pane received
the same loading regardless of placement position.
Because charge weight has little to no effect on the planer development of the shock front, it
can be increased or decreased to reach the desired criteria. This would lead to a single control
variable, charge weight; having only one control variable while testing products would
significantly increase accuracy and repeatability.
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